+ and its metabolites serve important functions in intracellular signalling. NAD + -mediated regulatory processes also take place on the cell surface, particularly of immune cells. In this issue of the Biochemical Journal, Gerth et al. have demonstrated a new mechanism of Ca 2+ uptake into monocytes which is triggered by NAD + or its degradation product, ADP-ribose. These observations point to a hitherto unknown Ca 2+ -influx mechanism and underscore the potential significance of NAD + and ADP-ribose as signalling molecules on the extracellular side of the plasma membrane.
From most textbooks of biochemistry one may still get the impression that the pyridine nucleotides have been invented just to make our lives a bit easier -they mediate the majority of redox reactions as cofactors (and there are few alternatives). Moreover, pyridine nucleotides contain an AMP moiety, which is also part of ATP. Therefore efforts to memorize the structures of NAD(P) can be limited to nicotinamide mononucleotide, the other half of these molecules. However, as a result of research over the past 15-20 years a far more complicated picture has emerged also placing NAD(P)
+ at key positions in cellular signal transduction [1] . Most remarkably, NAD(P)
+ undergoes structural conversions in these regulatory pathways, including the generation of new molecules [among them, cADPR (cyclic ADP-ribose), O-acetyl ADP-ribose and NAADP (nicotinic acid-adenine dinucleotide phosphate)]; compounds that are not known to participate in any other biochemical pathway.
So far, most of the NAD + -dependent signalling processes have been shown to contribute to the control of intracellular events. For example, poly-ADP ribosylation takes place primarily in the nucleus and regulates DNA repair, transcription, apoptosis and other fundamental cellular processes. The NAD + -derivative cADPR activates Ca 2+ release from the endoplasmic reticulum and thereby Ca 2+ -dependent pathways. On the other hand, although also present within cells, mono-ADP-ribosylation appears to be largely an extracellular mechanism of NAD + -mediated regulation. All identified ARTs (mono-ADP-ribosyl transferases) of higher eukaryotes are either GPI (glycosylphosphatidylinositol)-anchored or secreted [2, 3] . These enzymes transfer the ADPR (ADP-ribose) moiety of NAD + on to acceptor proteins, thereby modulating their biological activities. ARTs are apparently primarily expressed in blood cells and may contribute to immune functions by modifying proteins, for example, of the extracellular matrix [2, 3] . Surprisingly, the known mammalian enzymes catalysing the synthesis of cADPR, designated ADP-ribosyl cyclases, are also located on the cell surface (again, primarily of blood cells). This is unexpected inasmuch as the generated messenger, cADPR, has an intracellular function. Despite appreciable efforts, so far no mammalian intracellular ADP-ribosyl cyclase has been characterized at the molecular level. Several possibilities have been invoked to resolve this apparent contradiction. For example, the best-studied mammalian ADP-ribosyl cyclase, CD38, has been proposed to be internalized upon stimulation [4, 5] . Alternatively, transport systems may exist which permit entry of the synthesized cADPR into cells [6] . To add further complication, CD38 (as well as other known ADP-ribosyl cyclases), besides generating the cyclic molecule, cADPR, also produces ADPR by simple hydrolytic cleavage of the nicotinamide moiety from NAD + . In fact, at least in the test tube, this is by far the predominant reaction. Some evidence has been presented indicating that ADPR may also have a regulatory role.
In this issue of the Biochemical Journal, Gerth et al. [7] have reported observations suggesting the existence of yet another mechanism which involves extracellular NAD + and ADPR as signal transducers. They show that these nucleotides, when added to human monocytes, mediate a transient rise of the intracellular Ca 2+ concentration. Moreover, they demonstrated that the increase of the cytosolic Ca 2+ concentration is brought about by Ca 2+ influx from the medium and is independent of release from intracellular stores. Given the complexity of NAD + -converting processes on the surface of immune cells (Figure 1 ; besides being a substrate for ARTs and CD38, NAD + can also be cleaved by phosphodiesterase to AMP and NMN), it is not an easy task to verify that the effect is direct and not mediated by any of these enzyme activities. The authors [7] excluded the involvement of CD38 using a potent inhibitor (2 -deoxy-2 -fluoroarabinoside), which did not alter the Ca 2+ uptake initiated by NAD + or ADPR. Therefore it is most likely that NAD + acted directly, without first being cleaved to ADPR. Based on previous work, they also eliminated the possibility of significant degradation of NAD + or ADPR (e.g. into ADP or AMP), at least for the time frame of the experiments. As discussed in their paper [7] , the authors cannot rule out the involvement of ADP-ribosylation in the Ca 2+ -uptake mechanism; however, this possibility appears rather unlikely. So, what is it then?
Interestingly, Ca 2+ influx into immunocytes via the transient receptor potential channel TRPM2 (formerly termed LTRP2) has been demonstrated previously, and was found to be initiated by intracellular NAD + or ADPR [8, 9] . That is, a very similar transient Ca 2+ -influx phenomenon is triggered by the same compounds, but on the opposite (internal) side of the plasma membrane. This raises the question of whether NAD + and ADPR could have been 
its derivatives as intra-and extra-cellular Ca 2+ -mobilizing molecules
As well as serving as a substrate for ARTs, extracellular NAD + converted into cADPR by membrane-associated CD38 might elicit Ca 2+ release from intracellular stores following uptake into the cell. The same mechanism is supposed to be activated by cADPR generated by yet uncharacterized ADP-ribosyl cyclase(s) within the cell. Ca 2+ entry from the extracellular fluid may be triggered by intracellular NAD + and its derivative, ADPR, by acting on TRPM2. In this issue of the Biochemical Journal Gerth et al. [7] propose a similar mechanism, however, triggered by extracellular NAD + or ADPR operating on a different, still to be identified, ligand-gated Ca 2+ channel.
taken up by the cells (although it is not clear how this occurs) and then promoted Ca 2+ influx by activating TRPM2. Indeed, following addition of NAD + or ADPR to the monocytes, Ca 2+ influx starts only after a lag phase of 20-30 s. It is argued by Gerth et al. [7] that, in contrast with TRPM2, the observed Ca 2+ uptake can also be initiated by NADP + . However, the potential presence of phosphatases on the surface of monocytes would weaken this notion. Another Ca 2+ conductance, recently described for rat peritoneal macrophages, shares several characteristics with TRPM2, particularly, the activation by intracellular NAD + and ADPR [10] . In this case, the effective concentration of ADPR (10-100 µM) appeared to be at least ten times lower than that of NAD + . Gerth et al. [7] reported that the Ca 2+ influx in monocytes was similar when triggered by either NAD + or ADPR at 200 µM. While the physiological concentrations of these nucleotides in the extracellular fluids are unlikely to reach these levels, it may be possible that ADPR could be active at a far lower concentration. The fura 2-based measurement of intracellular Ca 2+ used in their study [7] precluded the application of reduced pyridine nucleotides (NADH and NADPH), which also fluoresce when excited at 340 nm. Consequently, there is a possibility that, perhaps, NADH might also initiate the described Ca 2+ uptake. The potential function of ADPR in regulatory events has long escaped detection. The molecule had been well known before cADPR or ADP-ribosylation processes and was regarded as an ordinary degradation product of NAD + with no particular biological function. Only recent reports [8] [9] [10] indicate that ADPR may serve as activator of Ca 2+ channels (see above). The detection of a Ca 2+ -influx mechanism triggered by extracellular ADPR clearly underscores the potential role of this molecule for signalling events.
The study by Gerth et al. [7] has provided convincing evidence to support the existence of a plasma membrane Ca 2+ -uptake mechanism which is triggered by extracellular NAD + or ADPR. It shares some intriguing similarities with TRPM2-mediated Ca 2+ influx, except the binding sites for the ligands are most likely located on opposite sides of the plasma membrane. Consequently, the newly reported Ca 2+ -influx system would possess a distinct property: the ligand (NAD + or ADPR) would bind to the outer surface of the plasma membrane, similar to Ca 2+ , which is then transported across the membrane (Figure 1 ). In any case, Ca 2+ uptake by this mechanism is the result of an extracellular event, as opposed to the TPRM2-mediated cytosolic Ca 2+ increase. No doubt, this novel pathway for Ca 2+ to enter cells will attract attention, but we will also keep watching how NAD + -mediated regulatory events gain entry into the textbooks.
